Intercontinental frequency comparisons require satellite based techniques. We characterize a GPS carrier phase link with a baseline of 450 km using a long-distance phase-stabilized optical fiber link. Active hydrogen masers at both ends are compared via the GPS link and, via optical frequency combs at both ends, through the 920 km fiber link simultaneously. This technique allows us to independently assess the instability and accuracy of the GPS link with sub 1 × 10 −15 resolution.
Introduction
Traditionally, atomic clocks are remotely compared by either reception of Global Navigation Satellite System (GNSS) signals or by sending signals in the microwave region from one location to another through geo-stationary satellites [1] . Sophisticated technology has been invented to increase the performance of such links. However, the achievable stability and accuracy is severely limited due to various effects for a satellite based frequency transfer. Therefore, the latest generation of frequency standards, the optical atomic clocks, can hardly be compared at the level of their intrinsic uncertainty. An alternative is provided by optical fiber links, which have demonstrated superior performance [2] [3] [4] [5] , thus enabling the remote comparison of optical atomic clocks.
The frequency instability we achieved along the 920 km fiber link between the Max Planck Institute of Quantum Optics (MPQ) and the Physikalisch-Technische Bundesanstalt (PTB) [4] is at least two orders of magnitude below that of an active hydrogen maser for any averaging time > 4 s. After characterizing the transfer of optical frequencies via various fiber links, we aim to utilize such an optical link for the characterization of a more traditional link that builds on GPS code and carrier-phase measurements. The transfer capability of a GPS carrier-phase (GPS CP) link is of the same order of magnitude as the maser frequency instability. It is therefore challenging to separate the individual contributions from each maser and from the GPS link itself. Having a fiber link with superior capability, i.e. better stability and transfer accuracy at hand can solve this issue by eliminating the contribution of the masers.
Experimental Setup
The GPS link to be characterized is established between the two institutes MPQ and PTB in addition to the 920 km long fiber link [4] . Active hydrogen masers are operated in each institute. To characterize the GPS link, we compare those two masers over our 920 km fiber link and over the GPS link simultaneously. The institutes and therefore the masers are separated by a physical distance of about 450 km. Subsequently we take the difference between the GPS and the fiber link transfer data whereby the comparison is free of noise from the masers. In this double-difference we observe the instability of the GPS link, as the fiber link instability is at least one order of magnitude below that of the GPS link at any given measurement time.
The maser comparison via fiber link is accomplished by transferring a highly stable optical frequency from MPQ to PTB. Optical frequency combs on both sides are referenced to the masers and connect the optical and microwave frequencies. GPS antennas and receivers at both institutes are used for the maser comparison via the GPS link. All GPS data are processed using Natural Resources Canada's (NRC) Precise Point Positioning (PPP) service. Fig. 1 . Frequency instability of links and masers in this experiment: a) the dashed blue curve shows the typical performance of our active hydrogen masers; the frequency instability achieved comparing them via the fiber link follows this curve closely; b) the black curve shows the frequency instability achieved by comparing the two hydrogen masers over a GPS CP link; c) taking the difference between the GPS and the fiber link transfer data reveals the double-difference, shown as green triangles. For reference, the instability achieved for transferring an optical frequency over our 920 km fiber link (red circles, from [4] ) is also shown. Figure 1 shows the frequency instability we measured when we compared the two masers via the GPS link. The maser comparison over the fiber link is not shown in Figure 1 but follows closely the blue curve, which indicates the typical performance of our active hydrogen masers. Taking the difference between the GPS and the fiber link transfer data reveals the double-difference, which is shown by the green curve (preliminary). The green and the black curves almost coincide, as expected, since the fiber link instability contribution is negligible.
Results
We observed a mean frequency offset between the masers of about 1.4 × 10 −14 for both the comparison via the GPS link as well as via the fiber link. For the difference between the two comparisons we calculate a statistically limited mean of (0.9 ± 2.7) × 10 −15 , averaging over 60 hours of measurement data that were recorded with a gate time of 30 s (preliminary value). As shown in Figure 1 , the maser comparison via GPS only reveals the maser properties after about 10 5 seconds. Thus, double-difference data for longer times are required to investigate whether the GPS link supports frequency transfer below 1 × 10 −15 . We are analyzing several weeks of data to investigate this possibility.
Conclusion
Optical fiber links have proven to be an ideal transfer medium for highly stable frequencies over continental distances and impressive performances have already been demonstrated [2] [3] [4] [5] . Here, we use its high performance to characterize a GPS carrier-phase link. This first medium-distance GPS link characterization reveals the stability and accuracy achievable when comparing frequency standards over the distance of 450 km. This should allow us to achieve a characterization accuracy below 1 × 10 −15 .
